External scintillation scanning of intravenously administered '31I-labeled macroaggregates of human serum albumin (1311-MAA) was employed to evaluate the distribution of pulmonary arterial blood flow in 61 normal subjects and in 100 patients with various congenital cardiovascular malformations. Intra-aortic administration of 131I-MAA demonstrated that blood flow through subelavian-pulmonary artery anastomoses is directed principally to the lung on the side of the anastomosis; the relative concentration of 1311-MAA in each lung after intravenous injection provided an index of the patency of the anastomosis or of the development of pulmonary atresia or pulmonary hypertension. In contrast to the findings in patients with a patent subclavian-pulmonary shunt, scans obtained from patients with a patent ductus arteriosus did not reveal a separation of the systemic arterial and systemic venous inflows to the lungs. The patency of superior vena caval-right pulmonary arterial anastomosis could be assessed after injection of 13I-MAA into an upper-extremity vein.
The method described is technically simple, without risk, easily applicable to large numbers of patients, and provides clinically important information concerning many forms of congenital heart disease. It is recognized that, because of the influence of gravity on the low pressure pulmonary vascular bed, normal erect subjects have greater blood flow to the lung bases than to the apices. In patients with pulmonary venous hypertension, there is a relative increase in blood flow to the apices and a decrease in perfusion to the lung bases, and it has been shown that a linear relationship exists between the magnitude of the shift of blood flow toward the apices and the level of mean left atrial pressure.2 Investigations utilizing inhaled or injected radioactive gases have demonstrated that left-to-right circulatory shunts also increase blood flow to the apices and reduce the normal differences in perfusion between lung apex and base.5 6 Thus, the present investigation was also designed to study the distribution of PBF in patients with congenital heart disease in an effort to distinguish those with pulmonary arterial and venous hypertension from those with pulmonary arterial hypertension alone.
Methods Scintillation scanning after administration of 13-11-MAA to patients in the supine position was employed to obtain data concerning the relative PBFs to the right and left lungs. Except when specified, 131I-MAA was administered by the intravenous route to all of the patients studied. The relative perfusion between lung apex and base was determined after intravenous administration of MAA to patients who were in the erect posture. Thyroid uptake of 1311 was blocked with Lugol's solution which was administered for 10 days starting the evening prior to the injection of 1311-MAA. High specific activity (up to 3 mc/mg) radioalbumin aggregates (10-90 O) were used, providing count rates in excess of 5,000 cpm above background. A dose of 10 to 300 pc was administered during a 5- minute period of quiet breathing. Less than 50 ,uc and 0.10 mg of protein was injected intravenously into every patient in whom a right-toleft shunt was present or suspected, and in all instances of left heart or aortic root injection.
The particle distribution of '311-MAA provides a precise delineation of pulmonary arterial blood flow because the concentration of radioactivity that accumulates in the lungs is directly proportional to the blood flow.", 7 The particles of albumin are too large to pass through the pulmonary capillary bed and are therefore trapped at the capillary and precapillary levels. The pulmonary extraction efficiency exceeds 80%, and an appreciable error is not introduced by recirculation because the particles not trapped by the To compare the blood flows between the apex and base, the right lung was divided into three equal longitudinal segments from the apex to the top of the diaphragmatic leaf. The ratio of concentration of radioactivity between the upper and lower thirds, designated "U/L," was calculated and taken to represent the ratio of blood flow per unit of lung tissue in these two regions. Observations made for the vertical distribution of blood flow in the left lung were not analyzed in detail since the data from the patients with congenital heart disease were compared with those obtained from patients with mitral valve disease in whorn a greatly enlarged heart often obscured the counting field in the left lung.
The specific diagnosis was confirmed at cardiac catheterization for each patient. Angio- In five patients with unilateral stenosis of the right main pulmonary artery (mean pressure gradient in excess of 4 mm Hg), the fraction of the total PBF to the right lung averaged 47.1 + 2.5%, a value significantly less than normal (P <0.02). In one patient with a 5 mm Hg pressure gradient between the pulmonary trunk and the left main pulmonary artery, the left lung received 41.2% of the total PBF (normal=47±2.4%). In four patients in whom multiple bilateral sites of pulmonary arterial narrowing were detected angiographically, blood flow to the right lung averaged 51.1 ± 1.5%, a value not significantly different from normal. Of interest was the observation that in none of these four patients did the scans show ischemic areas similar to those observed after pulmonary embolism,8 suggesting that either pulmonary arterial collateral vessels provided adequate perfusion to the lung parenchyma distal to the sites of stenosis or the ischemic areas were too small to be detected by scanning (that is, < 2 cm2).
In two patients with pulmonary hypertension and atresia of the left main pulmonary artery, sequential intravenous and intra-aortic injections of 1311-MAA clearly distinguished pulmonary arterial from bronchial collateral flow ( fig. 1 ). The scans following aortic injection showed considerable radioactivity in the left lung, reflecting the large flow to that side through bronchial arteries. Although the entire right ventricular output entered the right pulmonary artery in these patients, a The distribution of pulmonary blood flow after intravenous 18-I-MAA in patients with tetralogy of Fallot before and after subclavian-pulmonary arterial anastomosis. The patient whose right lung received 95% of the isotope had a patent aortic-right pulmonary arterial anastomosis and thrombosis of the left main pulmonary artery. small amount of radioactivity was also detected in the right lung after injections into the aortic root; this indicated some perfusion of this lung through bronchial collaterals, presumably due to obstructive changes in the pulmonary vascular bed. To delineate the cause of the asymmetry in perfusion in the patients with patent subclavian-pulmonary shunts, lung scans were performed after aortic root injection of 131I-MAA into five such patients ( fig. 3 ), and into a sixth patient in whom the anastomosis was known to be occluded. In the patients with a patent anastomosis, an average of 65.1% of the isotope injected into the systemic circulation was detected in the lung on the same side as the shunt, whereas the patient with a nonfunctioning shunt showed essentially equal quantities of bronchial blood flow to both lungs. In a child with tetralogy of Fallot and a patent superior vena cava-right pulmonary anastomosis, the infusion of 131I-MAA, into an upper extremity vein resulted in distribution of radioactive particles to the lung on the same side as the anastomosis; particles were distributed almost entirely to the opposite lung after injection of the isotope into a lower extremity vein (fig. 4 ).
Patent Ductus Arteriosus
In nine patients with patent ductus arteriosus the right lung received 52.4 + 2.5%o of the 131I-MAA after intravenous injection. In five of these patients, when 1311-MAA was injected into the left ventricle or aortic root at the time of cardiac catheterization, 54.9 ±2lo' of the radioactivity was detected in the right lung. Thus, the distribution of l3tI-MAA administered either intravenously or directly into the systemic circulation was not significantly different from the distribution of intravenously administered 131I-MAA in normal subjects. After intravenous administration of 1311-MAA to a tenth patient with a patent ductus, 65% of the total radioactivity was detected in the right lung; a similar distribution was observed 6 months and again 1 year after Circulation, Volume XXXVII, May 1968 successful closure of the ductus. In this patient stenosis of the left pulmonary artery had been excluded at cardiac catheterization. Thus, although markedly asymmetric flow to the lung existed, unlike the patients with a patent subclavian-pulmonary anastomosis, it was not due to a separation of the systemic arterial from the systemic venous inflows to the lungs.
After scanning the lungs of an eleventh patient with a right-to-left shunt through a ductus, we were prompted to examine the systemic distribution of the '111-MAA. In such patients desaturated pulmonary arterial blood is shunted into the descending aorta, so that it would be anticipated that radioalbumin aggregates would be trapped selectively in the systemic capillary bed of the lower, as opposed to the upper, extremities after intravenous injection of 1311-MAA. In the aforementioned patient with a right-to-left shunt through a ductus, radioactivity emitted from the ventral metatarsal surface and the midpalm of the hand was counted for 5 minutes with a scintillation detector used routinely for thyroid counting, equipped with a 2-by-2 inch Nal crystal (TI) and flat field collimator. The accumulated radioactivity in the lower extremities was found to exceed that recorded from the upper extremities by an average of 30 + 6%. In contrast, when the same technique was employed in 11 patients with right-to-left intracardiac shunts and four patients with patent ductus and left-to-right shunts, the uptake of radioactivity over the upper extremities was 24 + 7% higher than that over the lower extremities. Thus, it would appear that shunt reversal through a ductus may be detected by simple counting of the radioactivity that accumulates in the extremities. In 13 normal subjects in whom 138I-MAA was infused during quiet respiration while they were erect, the ratio of isotope distribution per unit of lung volume in the upper third of the right lung to that in the lower third (U/L) was 0.43±0.08 ( fig. 5 ). U/L averaged 0.55 ± 0.09 in 10 patients with intracardiac left-to-right shunts and normal pulmonary arterial pressure, a value significantly higher than normal (P < 0.02; fig. 5 May 1968 0.68 ± 0.10 ( fig. 5, table 1 ), a value significantly higher than that obtained from the normal subjects (P < 0.005) and from the patients with left-to-right shunts and normal pulmonary arterial pressures (P < 0.01). In five patients with idiopathic pulmonary hypertension, U/L averaged 0.66 + 0.07 ( fig. 5, table  1 ). U/L was signfficantly lower in all of the patients with pulmonary arterial hypertension and normal levels of pulmonary venous pressure than in 25 patients reported on previously2 with both pulmonary arterial and pulmonary venous hypertension (U/L = 1.09 + 0.28) (P < 0.001; figs. 5 Relationship between U/L and mean pulmonary artery pressure in patients with pulmonary hypertension and normal (< 15 mm Hg) and elevated (> 15 mm Hg) left atrial pressure (LAP). In the former group are patients with primary pulmonary hypertenson, or intra or extra cardiac shunts, or both, with normal or elevated pulmonary vascular resistance. The diagnoses in the patients with left atrial hypertension include congenital and acquired mitral stenosis or regurgitation, or both, and cor triatriatum. At any level of mean pulmonary artery pressure beyond 30 mm Hg, U/L was significantly higher in the patients with pulmonary venous hypertension than in those with pulmonary arterial hypertension alone.
liative systemic arterial or systemic venouspulmonary arterial anastomoses in patients with cyanotic heart disease and has allowed the distinction of patients with pulmonary arterial hypertension from those with both pulmonary arterial and venous hypertension. In 1962, Fragoyannis and Kardalinas14 compared the histological appearance of the small pulmonary arteries in each lung after systemic-pulmonary arterial anastomosis. They observed differences in the caliber and muscular content of the medial layer of these vessels which suggested that the lung on the side of the anastomosis received the major portion of blood flowing through the artificially created shunt. Subsequently, Fort and associates'-demonstrated in animals with subclavianpulmonary arterial anastomoses that the major proportion of the blood shunted from the subclavian artery passed to the lung on the side of the anastomosis, and that the shunt flow diverted a major part of the right ventricular output to the lung on the side oppo- provide information concerning the patency of the shunt, the severity of right ventricular outflow obstruction, and the development of pulmonary hypertension ( fig. 7) . It would appear that, although total pulmonary blood flow is increased after subclavian-pulmonary anastomosis, the augmented flow to the lung on the side of the anastomosis is largely composed of oxygenated shunted blood, while the flow to the opposite lung is largely unsaturated systemic venous blood ( fig. 7) left-to-right shunts with pulmonary arterial hypertension and without pulmonary venous hypertension show a further reduction of the difference in flows between the apical and dependent zones of the lungs, so that the blood flow per unit of lung volume in the upper third of the lung is approximately 70% of that in the lower third. In this regard, in several patients with transposition of the great arteries in whom the pulmonary artery could not be entered at cardiac catheterization, lung scanning was helpful in distinguishing normal from elevated pulmonary arterial pressures. When both pulmonary arterial and venous pressure rise, blood flow to the apices of the lung increases while flow to the bases diminishes; the Circulation, Volume XXXVII, May 1968 result is in an inversion of the pattern observed in normal erect subjects.2 25,26 Although pulmonary arterial hypertension alone results in elevated levels of U/L, the latter has never been found to exceed 1.00 in the absence of pulmonary venous hypertension. Hence, while relatively increased blood flow to the apices was found in our patients with left-to-right shunts, the Eisenmenger syndrome, and primary pulmonary hypertension, lung scanning may be of diagnostic value, since at elevated levels of pulmonary arterial pressure the shift of blood flow to the apices is always significantly greater in patients with both pulmonary arterial and venous hypertension than in patients with pulmonary arterial hypertension alone. For this reason the technique has been helpful in screening patients with known severe pulmonary arterial hypertension for potentially correctable lesions such as cor triatriatum or mitral stenosis which are also associated with pulmonary venous hypertension.
